By combining scanning tunneling microscopy and spectroscopy, angle-resolved photoemission spectroscopy, and density functional theory band calculations, we directly observe and resolve the onedimensional edge states of single bilayer (BL) Bi (111) [11, 12] . Holding charge excitation gaps in the bulk, TIs are characterized by metallic states in the onedimensional (1D) edges [twodimensional (2D) TI] or 2D surfaces [threedimensional (3D) TI]. In these metallic channels, opposite flowing charge currents are locked to the opposite spins. For spin transport, 2D TI can be advantageous over 3D TI because electrons can only move along two directions in a 2D TI. So far, however, only one 2D TI system-HgTe=CdTe quantum well-has been theoretically proposed [1] and experimentally demonstrated [2]. Several other 2D TIs are proposed, and one system that has possibly drawn the most attention is ultrathin Bi(111) films [13] [14] [15] [16] . Very recently, single bilayer Bi(111) has been grown on Bi 2 Te 3 substrate showing band structures indicative of 2D TI properties [17, 18] . Unfortunately, unlike 3D TIs, it is impossible to measure the dispersion relations of edge states of 2D TIs in momentum space by angle-resolved photoemission spectroscopy (ARPES). To our best knowledge, no observation of Bi(111) edge states has been reported.
Topological insulators (TIs)-a newly discovered quantum class of materials with topological order [1] [2] [3] [4] [5] [6] [7] -have attracted intensive studies in last five years due to their unique quantum properties as proposed by theorists, such as magnetic monopole [8] , Majorana fermions [9] , anomalous quantum Hall effect [10] , and spin related novel phenomena [11, 12] . Holding charge excitation gaps in the bulk, TIs are characterized by metallic states in the onedimensional (1D) edges [twodimensional (2D) TI] or 2D surfaces [threedimensional (3D) TI]. In these metallic channels, opposite flowing charge currents are locked to the opposite spins. For spin transport, 2D TI can be advantageous over 3D TI because electrons can only move along two directions in a 2D TI. So far, however, only one 2D TI system-HgTe=CdTe quantum well-has been theoretically proposed [1] and experimentally demonstrated [2] . Several other 2D TIs are proposed, and one system that has possibly drawn the most attention is ultrathin Bi(111) films [13] [14] [15] [16] . Very recently, single bilayer Bi(111) has been grown on Bi 2 Te 3 substrate showing band structures indicative of 2D TI properties [17, 18] . Unfortunately, unlike 3D TIs, it is impossible to measure the dispersion relations of edge states of 2D TIs in momentum space by angle-resolved photoemission spectroscopy (ARPES). To our best knowledge, no observation of Bi(111) edge states has been reported.
In this Letter, using real-space resolution of scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS), we directly observe and resolve the edge states of single (bilayer) BL Bi(111) islands, in both real and energy space, which are grown on clean Bi 2 Te 3 and Bi(111)-covered Bi 2 Te 3 substrates. In real space, the edge states display an $2 nm wide spatial distribution next to the island step edge, as consistently shown by both STS and first principle calculations. In energy space, by comparing ARPES spectra and density functional theory (DFT) band structures, the energy position of the observed edge states was found to lie inside the energy gap of the Bi(111) BL on both substrates. Our results indicate that the observed edge states are closely related to the 2D topological properties of Bi(111).
The experiments were carried out in ultrahigh vacuum (UHV) with a base pressure better than 1 Â 10 À10 Torr. 40 QL Bi 2 Te 3 ð111Þ films were grown on Si(111)-7 Â 7 substrate [19, 20] . Bi(111) films were grown on Bi 2 Te 3 films at 200 K to reduce the possible intermixing of Bi and Te. STM/STS measurements were carried out at 4.2 K. ARPES measurements were performed with a helium discharge lamp (HeI 21.2 eV) and 28-60 eV photons in advanced light source (ALS) beam line 12.0.1 with energy resolution better than 25 meV and angular resolution better than 0:02 # A À1 at 100 K and 15 K using Scienta analyzers. First-principles DFT calculations were carried out in the framework of the Perdew-Burke-Ernzerhof-type generalized gradient proximation using the VASP package [21] . The lattice parameters of the substrate were taken from experiments (a ¼ 4:386 # A for Bi 2 Te 3 ), and the Bi bilayer is strained to match the substrate lattice parameter. All calculations were performed with a plane-wave cutoff of 600 eV on an 11 Â 11 Â 1 Monkhorst-Pack k-point mesh. The substrate is modeled by a slab of six quintuple-layer (QL) Bi 2 Te 3 and the vacuum layers are over 20 Å to ensure decoupling between neighboring slabs. During structural relaxation, atoms in the lower four QL substrate are fixed in their respective bulk positions, and the Bi overlayer and upper 2 QL of substrate are allowed to relax until the atomic forces are smaller than 0:01 eV= # A. Fig. 2(c) , there are some weak and broad dispersive peaks which are energy dependent coming from the electronic standing waves (interference) on the surface.
The edge states were observed at the 1 BL=Bi-Bi 2 Te 3 step as well, as shown in Figs. 2(d)-2(f), which correspond to Figs. 2(a)-2(c), respectively. The Bi(111) island edge states are qualitatively similar on two substrates but with some notable quantitative differences. The 1 BL=Bi-Bi 2 Te 3 edge state appears in a narrower energy window from þ295 mV to þ377 mV than the 1 BL=Bi 2 Te 3 edge state from þ136 mV to þ370 mV. This is because the band gap of 1 BL=Bi-Bi 2 Te 3 is smaller than 1 BL=Bi-Bi 2 Te 3 [comparing Fig. 4(d) to 4(a) below] . Also, the 1 BL=Bi-Bi 2 Te 3 edge state has a lower intensity than the 1 BL=Bi 2 Te 3 edge state. This is possibly related to the larger background density variation from the standing wave originated from quantum interference of the scattered electrons on the complete first Bi(111) BL [Bi(111) surface] as marked by the blue dots in Fig. 2(f) . This PRL 2012 016801-2 interference peak changes its position with the increasing bias voltages (dispersive). The edge states are, however, not observed in thicker films (not shown) possibly due to the strong interference pattern at the surface or due to the nearly gapless bulk states of Bi(111). For both Bi(111) islands of 1 BL=Bi 2 Te 3 and 1 BL=Bi-Bi 2 Te 3 , the edge state spreads over several atomic rows with an $2 nm width in real space. It is much wider than the typical electronic edge state, arising from edge dangling bonds or atomic reconstructions, which is highly localized on the edge atoms in one or two lattices and decays exponentially away from the edge such as the edge state of graphene [22, 23] . Note that the contribution of the chemical dangling bonds, even present, cannot influence the feature nanometers away from step edge. The penetration depth of the topological edge states varies from a few to a few tens of nanometers depending on their k-space dispersion that is different from material to material [15, 24] . The wide spatial distribution in real space (relative to normal electronic edge state) indicates that these are likely topological edge states of 2D TIs. To further confirm this, we calculated the edge states of a freestanding Bi(111) BL nanoribbon, which is tensile strained to the lattice constant of Bi 2 Te 3 . The bands are plotted in Fig. 3(a) , and the real-space edge state distribution is shown in Fig. 3(b) . The edge state is characterized by an odd number of crossings over the Fermi surface (from 0.0 to 1.0 in k space) and the spinmomentum locking (the spin is perpendicular to k) indicating its topological nature. The width of the spatial distribution is k-point dependent ranging from $0:7-2 nm, as shown for six k-points in Fig. 3(b) . At a given energy, the experimentally measured distribution has contributions from multiple k-points, giving rise to the observed width. These results generally agree well with the previous theoretical calculations [15] . Note that the calculated gap in Fig. 3(a) is much larger than the experimental one, because it is calculated for a freestanding ribbon. When it is placed on a substrate, the gap reduces substantially, as we discuss below.
The strong k-dependence alone cannot prove the topological edge sate, because nontopological surface state can show a strong k-dependence too [25] . The 1D topological edge states are expected to be inside the bulk gap of 2D TIs [6, 15] . Because the observed edge states in Fig. 2 [17, 18] Figures 4(c) and 4(f) show the dI=dV curves of the inner terrace (wide red rectangle in the inset) and the edge-state area (narrow blue rectangle in the inset) in the island of 1 BL=Bi 2 Te 3 and 1 BL=Bi-Bi 2 Te 3 , respectively. It has been demonstrated that the Dirac point corresponds to a dip in the dI=dV spectra due to its zero density of states [26] . Thus, we can align the dip feature in the STS spectra Fig. 3(c) ], in the energy window from þ136 mV to þ370 mV, the blue curve intensity is noticeably higher than the red curve, which is exactly where the edge states are located and lower contrast in the energy window of þ295 mV to þ377 mV. The fact that edge states are observed next to the step edge with spatial distribution of several nanometers in real space and lies directly inside the 2D bulk band gaps in both cases clearly demonstrates the existence of 1D topological in-gap edge states in the Bi bilayer. Our DFT calculations also show the 1D helical spinmomentum locking property of the edge states as shown in Fig. 3(a) , which is an interesting subject for future experimental study. 
